Migration in insects occurs predominantly, or exclusively, in sexually immature adults. Therefore, the duration of the pre-reproductive period (PRP) sets an upper limit on an individual's migratory potential and has been measured by a number of authors interested in insect migration. Significant differences in PRP between field populations of the African armyworm moth Spodoptera exempta (Walker) (Lepidoptera: Noctuidae) are suggestive of a genetic basis to PRP regulation. The present study examines the genetics of PRP in more detail using selection and sib-analysis experiments. Both sets of experiments suggest a strong genetic component to PRP regulation in female moths, but little or none in males. Moreover, the sib-analysis experiments indicate that the X-chromosome has a disproportionate influence on PRP in females (the heterogametic sex in Lepidoptera). These results are discussed in relation to the migration biology of this species.
Introduction
If individuals that breed in the current habitat have lower reproductive success on average than those that disperse to breed elsewhere, then dispersal or migration from the current habitat is always favoured, regardless of its present state (Southwood, 1977; Gatehouse, 1986) . Moreover, if long-term average reproductive success is independent of distance travelled, then variation in dispersal ability will be favoured and a genetic polymorphism in dispersal/migratory potential may result (Southwood, 1977) . Parker & Gatehouse (1985; Gatehouse, 1986) have suggested that such genetic variation in migratory potential can be expected in populations of the African armyworm moth (Spodoptera exempta) due to the seasonal pattern of rains in eastern Africa and because successive generations in the same habitat are limited by over-exploitation and disease when densities are high (e.g. Brown & Swaine, 1965; Blair, 1972; B. Persson, 1980 unpublished report) . Wilson & Gatehouse (in press) 
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migratory potential both within and between outbreak populations of S. exempta. The present study examines the assumption that a substantial proportion of this variation is genetic in origin.
For the majority of night-flying insects, the two most important components of migratory potential are flight capacity (the amount of flight per night) and, because most migration occurs in immature individuals, the pre-reproductive period or PRP (the maximum number of nights' flight) (Johnson, 1969) . A number of studies have demonstrated a genetic basis to variation in flight capacity (e.g. Dingle, 1968; Caldwell & Hegmann, 1969; McAnelly, 1985; Parker & Gatehouse, 1985) . However, until recently, few studies had demonstrated genetic regulation of PRP [but see Derr, 1980; Hegmann & Dingle, 1982; Colvin, 1990 (J. T. Colvin & A. G. Gatehouse, unpublished observations); Han & Gatehouse, 1991; Hill & Gatehouse, 1992] .
Several lines of evidence suggest that migratory potential is genetically regulated in the African armyworm moth. There was a substantial additive genetic component in the tethered-flight performance of laboratory strains of S. exempta (h2 0.4; Parker & Gatehouse, 1985 ; see also Woodrow, 1987) , and a significant difference between two Kenyan outbreak populations in the proportion of female moths making long (tethered) flights, defined as those lasting at least 1 h (Chi-square = 5.11, d.f. = 1, P <0.05; data extracted from Gatehouse, 1987, fig. 2 ; there was no difference between the males). Evidence for the genetic control of PRP in armyworm moths comes from several indirect sources. Parker(1983) and Gunn & Gatehouse(1987), both found that laboratory strains of S. exempta differed in their mean pre-oviposition periods and Page (1988) observed variation between outbreak populations in their mean rates of oocyte development. In addition, Wilson & Gatehouse (in press) have shown significant differences between 14 outbreak populations of S. exempta in the PRPs of both sexes. All of these studies suggest that migratory potential is genetically regulated and that outbreak populations show significant variation in this respect.
Recently, attention has focused on the mode of inheritance of PRP (Colvin, 1990 , J. T. Colvin & A. G. Gatehouse, unpublished observations; Han & Gatehouse, 1991; Hill & Gatehouse, 1992) because this has implications for the trait's short-and long-term rates of evolution (Charlesworth et a!., 1987; Han & Gatehouse, 1991) . In all three species of noctuid moth, in which the mechanism of PRP inheritance has been examined, a substantial proportion of the variation in female PRP can be attributed to loci on the X-chromosome. In the Oriental armyworm moth, Mythimna separata, female PRP is influenced by loci on both the autosomes and the X-chromosome (Han & Gatehouse, 1991) , and in the cotton-boliworm moth, Helicoverpa armigera, and the silver-Y moth, Autographa gamma, female PRP is regulated predominantly by loci present on the X-chromosome (Colvin, 1990 and Hill & Gatehouse, 1992, respectively) . Both of these latter two species showed significant correlations between the PRPs of brothers and sisters, suggesting that the same genes are involved in both sexes (Colvin, 1990; Hill & Gatehouse, 1992) .
The Parker & Gatehouse model for migration in S. exempta implicitly assumes that migratory potential is under mainly genetic control and that the habitat acts as a template selecting for appropriate phenotypes (and hence genotypes). The present study tests this assumption by quantifying the responses of both sexes to selection for long and short PRPs. It also examines the mode of inheritance of PRP by utilizing a sib-analysis design experiment.
Materials and methods

Larval and adult environments
The insects used in both the selection and sib-analysis experiments were the offspring of those collected as late-instar larvae from outbreaks in Tanzania Assessing the PRP of adult moths
Following the known pattern of mating behaviour in S. exempta (Khasimuddin, 1978; Dewhurst, 1984; Page, 1988) , PRP was assessed throughout the latter half of the scotophase from the 'night' of emergence (night 0 or NO) until sexual maturity was indicated. A female was designated mature if she extruded her pheromone gland and began releasing pheromone (i.e. began 'calling'; see Khasimuddin, 1978) or if she attempted to mate with a mature male during a 'challenge', whichever was the earlier. Males were classed as mature if they splayed their claspers in response to a mature female during a challenge. Pheromone release by females was monitored every 10-15 mm whilst they were in their dishes. Moths of both sexes were challenged, for up to 5 min per moth, throughout the scotophase and usually each was challenged only once in a single night. A challenge involved releasing the moth, individually, into a small (25 X 25 X 25 cm) black netting cage, with three or four sexually mature individuals of the opposite sex. Pheromone produced by the moths was dispersed by a small fan blowing air through the cage.
Selection experiment
The insects used in this study were reared in the same way as those described above, except that half of the moths were fed distilled water alone, whilst the other half were also given four drops (-0.1 ml) of 20 per cent sucrose solution each day. Supplementing the adult diet with a small amount of sucrose solution did not have a consistent effect on the PRPs of males or females in either selected line (Mann-Whitney U-tests: P 0.14). The data for these insects were therefore combined in the analyses that follow. However, for 3/22 comparisons (within generations and lines; the remainder showed no significant differences), moths fed sucrose solution matured significantly later than those fed distilled water (Mann-Whitney U-tests: P O.02). This difference is consistent with that for females fed sucrose solution ad libitum, which matured significantly later than those fed distilled water alone (K. Wilson et al. in preparation) . Positive and negative selection were applied to male and female PRP by mating late-maturing males with late-maturing females and early males with early females. Thus, selection was applied to both sexes.
After six generations, the selected lines succumbed to viral disease and the experiment ended.
PRP was log-transformed in an attempt to Normalize the data prior to analysis. However, because the transformation failed for all of the male treatment groups, the two male lines were also compared using a non-parametric statistical tests. The results of the two sets of analyses were in general agreement.
Sib-analysis experiment
Females in Lepidoptera are the heterogametic sex and so have one X-chromosome (derived from the male parent) in contrast to the males' two (one from each parent). Therefore, if female PRP is regulated solely by loci on the X-chromosome, then the PRPs of female offspring will be influenced by whichever male is their sire (father) but not by which female is their dam (mother) . Conversely, if male PRP is genetically regulated, then both the sire and dam will have a significant influence on the PRP of their male offspring, regardless of whether the loci regulating it are predominantly on the X-chromosomes or the abtosomes. By mating each male with at least two females, sib-analysis experiments allow the sires' and dams' contributions to be separated
and heritability values to be estimated (Falconer, 1989) . Each of nine males, with PRPs ranging from Ni to N7, were mated to two or three females, each with PRPs ranging from NO to Nb. Unfortunately, because of high mortality from viral disease in some families, only the offspring from three sires (eight dams) survived in sufficient numbers to be included in the analyses that follow. PRP was log-transformed prior to analysis in an attempt to Normalize the data. However, the distribution remained skewed towards short PRPs, and therefore the results need to be viewed with some caution.
Results
Selection experiment
After a single generation of selection, female PRP differed significantly between the early-and late-maturing lines ( Fig. la; back-transformed means equal 1.37 and 2.05 nights, respectively: t = 2.08, d.f. = 69, P <0.05).
This difference was maintained in generation G3 (P <0.05 ) and in all subsequent generations (P <0.01) except G4, where the direction of the response was reversed; the 'early' line (mean PRP 2.85 nights) maturing significantly later than the 'late' line (1.22 nights; P < 0.001). This 'reversed response' was apparent in both the water-fed and sucrose-fed treatments and the reason for it is unknown (see Discussion).
In order to quantify the absolute responses to selection on the two lines, regression analyses were performed in which the regression lines were constrained to pass through the mean PRP of the G1 generation. Des- PRP failed to show a consistent response to selection (Fig. 2b) .
Sib-analysis experiment
Although mean PRP of females ranged between 1.40 and 3.33 (a span of nearly two nights), the mean PRP within sires differed by less than one night (Table Ia) . Thus, female PRP differed more between sires than dams. This conclusion is confirmed by a nested ANOVA in which the dam and sire components of variance were separated (Table 2) . A significant amount of the variation in female PRP was explained by differences between sires (P <0.02), and little by differences between dams (P> 0.27). This result is consistent with female PRP being regulated by loci on the X-chromosome alone.
Male PRP differed little between sires or dams (range 1.50-2.10; see Table 1 ). This result was confirmed by a nested ANOVA ( (r = 0.060, n = 8, ns) supports this view.
Output from the nested ANOVA may also be used to calculate narrow sense heritability estimates (Falconer, 1989) . [Standard errors for these means were estimated using the methods for Searle (1961 Searle ( , 1971 ) and Becker (1984) A positive heritability estimate for male PRP cannot be calculated because the between sires mean square is less than the between dams (within sires) mean square (see Falconer, 1989 ). and tested as adults in a common environment, showed significant differences that could not be attributed to any environmental factor (Wilson & Gatehouse in press) . Secondly, female PRP responded rapidly to both positive and negative selection: after a single generation of selection there was a significant divergence between the early-and late-maturing lines (P <0.01), which increased over the following four generations (P <0.001). The realized heritability estimates from this experiment (h2 0.120-0.161) were relatively low, but the standard errors were small. The third line of evidence to support the genetic regulation of female PRP is the sib-analysis experiment, which showed that the sire's genotype had a significant influence on the PRP of its female offspring but that of the dam's did not. The overall heritability estimate for female PRP (h2 = 0.434) was relatively large, but the standard error was large also. The importance of the difference between the two heritability estimates is not clear. A
high estimate, such as that obtained from the sib-analysis experiment, is expected due to the variable nature of selection through the armyworm season (Ewing, 1979 ).
The much lower value for realized heritability may therefore by atypical of field populations and reflect the limited amount of variation in the parental (G1) generation (Fig. la) . Evidence that male PRP is genetically regulated is less convincing. Male PRP failed to respond to artificial selection in either direction (except in the first generation of the selection experiment), and the sib-analysis experiment failed to detect any significant maternal or paternal influence on the PRP of male offspring. These results strongly suggest that there is little additive genetic variation in male PRP. However, there were significant differences between samples of males from the field (Wilson & Gatehouse, in press ), which suggests that the lack of any detectable genetical influence on male PRP in these two experiments may be due to the lack of appropriate variation in the experimental insects or to the truncated distribution of male PRP. In the field, nearly 90 per cent (n = 307) of males are mature by the end of night 2, compared with just 35 per cent (n = 332) of females (Wilson & Gatehouse, in press ). This means that mistakes in the classification of male PRP have much greater consequences for genetic studies than do those in the classification of female PRP. This may also explam the lack of a significant correlation between the PRPs of male and female siblings (see Colvin, 1990 ; J. T. Colvin & A. G. Gatehouse, unpublished observations and Hill & Gatehouse, 1992 for examples of significant correlations). A more thorough analysis is required before a genetic influence on male PRP can be rejected.
Reversed responses in the selection experiment
Reversed responses (responses opposite to the direction of selection) are relatively common in selection experiments (e.g. Castle & Wright, 1916; Robertson, 1955; Falconer, 1960; all cited in Gimelfarb, 1986) .
There are several possible explanations for the reserved responses in the selection experiment of the present study (see Gimelfarb, 1986 for review) . One is that they were caused by some environmental factor, such as temperature, which is known to have a negative effect on pre-oviposition period in S. exempta (Hattingh, 1941) . During the week prior to the start of testing the G4 generation, there was a heat-wave in North Wales and the mean temperature in the experimental room increased from an average of 25-30°C and with maxima as high as 3 2°C. Because the times of peak emergence of moths from the early and late lines differed by an average of 6 days, the two lines would have experienced the heat-wave at different stages in their development. If there is a critical period during which larval sensitivity to ambient temperature influences PRP, then this could explain the reversed responses.
Another possibility is that the reversed responses were due to random genetic drift. Using a simulation model, Gimelfarb (1986) demonstrated that the probability of this occurring increases as heritability, parental population size, and the proportion of the parental population selected declines. However, in the present study, although the heritability was quite small, the parental (G3) populations sizes were fairly large (52 and 21 females in the early-and late-lines respectively) and over 70 per cent of females in generation G3 were selected as parents (resulting in a small selection differential, see Fig. 2a ). This explanation therefore seems unlikely.
A third possibility is that the reversed responses were due to multiplicative genotype-environment (g-e) interactions or other non-additive effects such as dominance, epistasis and maternal effects (Gimelfarb, 1986) . A characteristic of g-e interactions is that reversals are typically short-lived (Gimelfarb, 1986) , as was the case in the present study. If either of these latter two explanations are responsible for the reversed response in the present study, then omission of the G4 generation from the analysis may be justified.
X-/inkage and migration
The sib-analysis experiment indicates a strong influence of the X-chromosome in the regulation of female PRP. This result is consistent with those from other studies of female PRP in noctuid moths (Colvin, 1990 ; J. T. Colvin & A. G. Gatehouse unpublished observa- tions Han & Gatehouse, 1991; Hill & Gatehouse, 1992) . Based on empirical studies, a number of authors have drawn attention to possible patterns in the evolution of X-linked traits: Thompson (1988) emphasized the importance of the X-chromosome to femalelimited traits in Lepidoptera; Han & Gatehouse (1991) proposed a special role for X-linkage in the evolution of migration in insects; and Charlesworth et al. (1987) noted that there was some evidence for behavioural traits, in general, being disproportionately affected by the X-chromosome and specifically for traits intimately associated with fitness to be so. Colvin (1990) has recently suggested that PRP comes into this category, along with other traits associated with courtship, mating and reproduction. Clearly, a thorough review of the literature is required to clarify the role of X-linkage in evolution (J. T. Colvin & A. G. Gatehouse, unpublished observations) .
Arguably of greater importance to the study of insect migration is the role of the X-chromosome in the maintainance of genetic polymorphisms. Han & Gatehouse (1991) suggested that X-linkage in the Oriental armyworm moth, Mythimna separata, reduces the genetic load (Shapiro, 1984) associated with the PRP polymorphism in females, by reducing the frequencies of phenotypes inappropriate to the displacements achieved. Thus, females at the leading edge of this species' migratory range, have the genetic constitution to enable them to return to more hospitable lower latitudes at the end of the summer. The limited empirical evidence supports this genetic partitioning hypothesis: female moths collected from high latitudes (43°N) matured significantly later than those from lower latitudes (32°N) (Han & Gatehouse, 1991) .
Outbreaks of S. exempta occur on graminaceous crops and grasses throughout the eastern half of subSaharan Africa, from as far north as the Yemen (1 5°N) and as far south as South Africa (30°S). However, nearly one-third of all of these outbreaks occur in Tanzania and Kenya within the latitude range 5°N-10°S (Haggis, 1986) . Because the availability of habitats suitable for larval development is so temporally and spatially variable in this region, and successive generations in the same habitat are penalized (see Introduction) , variation in migratory potential will be favoured at every generation (Gatehouse, 1987 (Gatehouse, , 1989 . However, long PRPs will generally predominate early in the rainy season when suitable habitats are widely dispersed and, because green areas are widespread and there is little benefit to migrating far, early reproduction (short PRPs) will generally be favoured later in the season. As in M. separata, X-linkage will enhance any genetic partitioning between outbreaks that result. But, perhaps more importantly, in the short-term X-linkage may also help to maintain significant genetic variation in the population by lowering the rate of fixation of alleles following directional selection. Whether this is the case depends on several factors, including whether selection acts on one or both sexes, whether there is dosage compensation, on initial allele frequencies, and on the coefficient of dominance (Charlesworth et al., 1987) . The importance of X-linkage in the migration biology of S. exempta is currently being investigated using genetic simulation models.
